Molecular weights of enzymically active arom aggregates produced by pleiotropic and various arom-1 mutants of Neurospora crassa have been estimated by sucrose density gradient centrifugation. In contrast to most single-gene mutants (which produce intact arom multienzyme aggregates of normal molecular weightabout 230,000), pleiotropic mutants that lack two or more of the five enzyme activities in the arom aggregate produce partial arom aggregates of molecular weights ranging from about 60,000 to about 85,000. In addition, certain arom-1 mutants are pleiotropic in producing arom aggregates of about half the normal molecular weight. 
The arom gene cluster of Neurospora crassa encodes a multienzyme aggregate of five enzymes catalyzing five sequential reactions in the common aromatic synthetic pathway (1) . Two principal categories of mutants have been detected within this arom cluster: single-gene mutants, which lack only one of the five activities, and pleiotropic mutants (previously referred to as "polarity" mutants), which lack two or more activities. Single-gene mutants comprise five different types, each defective for one of the five activities, but possessingthe other four at normal or above normal activity levels (except for certain arom-1 mutants) in aggregates of normal (wild type) molecular weight-about 230,000 (1, 2) . These mutants can best be interpreted as resulting from missense mutations. Pleiotropic mutants can be divided initially into two groups. One of these groups consists of noncomplementing mutants lacking all five enzyme activities. Some of these mutants have been shown to be the result of nonsense mutations on the basis of their suppressibility by nonsense suppressors (3) . The second group of pleiotropic mutants includes ones that possess, according to enzyme assays and/or complementation tests, either one, two, or three of the five enzyme activities-always at markedly reduced levels (1) . Preliminary studies (1) indicated that certain mutants in this second group produce arom aggregates of relatively low molecular weight. The present report describes additional studies of various complementing pleiotropic mutants indicating that this group includes several distinguishable categories of mutants, all of which produce arom aggregates of less than normal molecular weight. In addition, further studies of arom-1 [dehydroshikimate (DHS)-reductaseless] mutants have shown that this category is heterogeneous-some arom-1 mutants having characteristics more like pleiotropic rather than single-gene mutants.
MATERIALS AND METHODS

Strains
The origin and general characteristics of the mutant types used in these studies have been described previously (1) . The relationships of mutants in the arom gene cluster based on complementation, available genetic mapping, and enzyme assay data are summarized in Fig. 1 The growth media, enzyme preparations, enzyme assays, and sucrose density gradient centrifugation have been described previously (1) . Dialyzed 32-50% ammonium sulfate solutions were used in all procedures unless otherwise specified. All 5-20% sucrose gradients were made with 0.1 M Tris HCl (pH 7.5) 0.1 M KCl, and 10-3 M dithiothreitol. For centrifugations a Beckman SW 65 rotor was used. All molecular weight determinations are based on added E. coli alkaline phosphatase (Sigma) (MW = 80,000). On certain gradients, beef liver catalase (Worthington) (MW = 244,000) was also added. RESULTS In these studies most comparisons of arom aggregate molecular weights are based on the results of assays for shikimate kinase and/or EPSP synthetase utilizing fluorescent assay techniques (1) . Both these activities are present in arom-1 and A-C mutants, while shikimate kinase is absent from B and D mutants. On the basis of complementation data, 5-dehydroquinate synthetase is present in A-C and B mutant types, but this enzyme activity has never been detected in assays presumably because it is either at too low a level or is unstable (1) .
In certain instances, the other two enzyme activities present in the arom-1 mutants, 5- Molecular weights were calculated from E. coli alkaline phosphatase (MW = 80,000) added as marker. Mean molecular weight value calculated from n gradients.
* In instances where more than one activity peak was found, the major peak is listed first.
dehydroquinase (5-dehydroquinate hydro-lyase, EC 4.2.1.10), were also assayed. Table 1 indicates the molecular weights of arom aggregates from the various pleiotropic mutant types and from arom-1 mutants.
In both B and D mutant types, EPSP synthetase activity sediments with an apparent molecular weight of about 60,000 and all the activity is found in a single homogeneous peak (compare Fig. 4 ). The four A-C mutants tested appear to be of at least two different types. In A-C mutants 40 and 1148, the major activity peak for both EPSP synthetase and shikimate kinase is about 81,000, with a heavier minor peak around 100,000. In A-C mutants 58 and 63, the major activity peak for these two enzymes appears to be significantly heavier: about 85,000, again with a minor peak around 100,000.
The Table 2 ). The results confirm the differences in sedimentation values observed with individual mutants alone. For example, a mixture of extracts from A-C mutant 1148 and B mutant 14 (Fig. 3) has a SA kinase peak at 81,000 (like mutant 1148) and an EPSP synthetase peak at 59,000 (like mutant 14) with a shoulder at 81,000 (corresponding to mutant 1148). A mixture of extracts from a B (mutant 14) and a D (1199) mutant has a single homogeneous peak of EPSP synthetase activity at molecular weight 60,000.
Additional tests to detect interactions, or lack of interactions, between mutant arom aggregates used heterocaryons. Clear evidence for a lack of interaction is provided by the results with heterocaryons involving arom-4 mutant 49 (which lacks EPSP synthetase and forms an arom aggregate with molecular weight like that of wild type) and one mutant from each of the three categories of pleiotropic mutants (D, B, and A-C). EPSP synthetase activity sediments at the same position as for the "parental" pleiotropic mutant when grown alone (Fig. 4) , and no EPSP activity was detectable in a position corresponding to other arom aggregate activities (based on DHS reductase assays) present in mutant 49.
In heterocaryons formed between complementing arom-1 (DHS reductaseless) mutants, the restored DHS reductase activity always sedimented at a position indicating a molecular weight essentially equivalent to wild type, while the peaks for the other two activities assayed reflect, in general, positions characteristic of those found in the "parental" arom-1 mutants alone ( (4) and from complementation studies with arom-2 mutants (6) , that the arom aggregate can rather easily dissociate into halfmolecular weight sub-aggregates, which play a role in allelic complementation. Thus, allelic complementation between arom-1 mutants and complementation involving pleiotropic mutants apparently proceed by different mechanisms.
Evidence based primarily on nonsense mutants (3) indicates that the arom gene cluster is transcribed in a polarized fashion, with the arom-2 gene located at the proximal and the arom-1 gene at the distal end. This evidence, together with the indication of polarity in the complementation pattern of certain pleiotropic mutants (for example, B and A-C types), led to the preliminary designation of these mutants as "polarity" mutants, implying that they might represent nonsense (chainterminating) mutations at progressively more distal positions within the cluster. On this basis, the relative molecular weights of the aggregates produced by various pleiotropic, as well as by arom-1 mutants, in relation to their genetic location within the cluster are of potential interest. The aggregate sizes include molecular weights of 60,000 in D and B mutants, 80-85,000 in certain A-C mutants, and 106,000 in those arom-1 mutants producing aggregates of less than normal size. Thus, in general, a positive correlation between aggregate size and genetic map position exists, since more distal mutants produce larger aggregates (Fig. 1) . However, the size of the aggregate protein produced is not strictly related to mutant position, as might be expected on the simple hypothesis of chaintermination. In particular, D mutants (which map within the distal portion of the arom-2 gene proximal to the arom-4 gene) and B mutants (which map within the proximal portion of the arom-5 gene distal to the arom-4 gene) produce aggregates whose molecular weights are indistinguishable. On the other hand, the two classes of A-C mutants map at different sites within the arom-9 gene such that the differences between the action between aggregates produced by pleiotropic mutants Vol. 68, 1971 molecular weights of their aggregates could reflect differences in the sites of chain-terminating mutations. To date, however, all tests for the presence of nonsense mutations in B, D, and A-C pleiotropic mutants (including all mutants used in the present studies) have been negative. These results suggest that at least some pleiotropic mutants may not be the result of nonsense mutations, but of missense mutations which affect aggregation of the arom multienzyme complex. In particular, this interpretation may apply to B and D pleiotropic mutant types. In addition, arom-1 mutants producing aggregates of half the normal molecular weight (which are localized primarily in the distal part of the arom-1 gene) may also arise from missense mutations resulting both in a loss of DHS reductase activity and in the formation of incomplete or unstable aggregates.
Previous physical and complementation studies support the hypothesis that the arom aggregate (MW 230,000) consists of two identical sub-aggregates (MW 115,000) which can rather easily dissociate from each other. These sub-aggregates have been postulated to contain five different polypeptide chains, each carrying one of the five different catalytic sites. Furthermore, since allelic complementation has been detected for mutants in only two of the five genes in the cluster, these polypeptide chains are presumed to be arranged within the sub-aggregates in a manner such that when two sub-aggregates are associated in a normal aggregate only two homologous pairs of chains are directly juxtaposed-those pairs responsible for the dehydroquinate synthetase and DHS reductase activities.
The present investigations of certain arom-1 mutants (i.e., mutants 1135 and 1075) provide direct evidence that the arom aggregate can dissociate into half-molecular weight subaggregates which contain each of the five postulated polypeptide chains. The sub-aggregates formed by these mutants possess activities for four arom enzymes and must have the postulated fifth chain carrying the DHS reductase active site, since allelic complementation between these mutants can restore this activity in an aggregate of normal molecular weight.
The arom aggregates produced by certain pleiotropic mutants (B and D types) provide evidence suggesting a further dissociation of the sub-aggregate into quarter-molecular weight components (MW 60,000). One of these quartermolecular weight components (that produced by B and D mutants) is postulated to contain the polypeptide chains for both EPSP and dehydroquinate synthetase activities. EPSP synthetase activity can readily be detected by assay in both mutant types. Dehydroquinate synthetase is present in B mutants on the basis of complementation evidence and is inferred to be present in D mutants because these mutants have relatively high levels of catabolic dehydroquinase, which is induced by 5-dehydroquinate (1). (However, in neither mutant type has it yet been possible to detect this activity in density gradients and thus to provide direct evidence for a physical association of the two synthetases.) The other quarter-molecular weight component is postulated to contain the three polypeptide chains associated with the shikimate kinase, dehydroquinase, and DHS reductase activities. As yet no direct evidence for this postulated component has been obtained from mutation studies. Of interest, however, is the observation that after denaturation of the purified aggregate protein these three activities can be readily regenerated by renaturing treatment, which indicates that the catalytic sites for these three activities can readily re-form their correct structure even in the absence of the correct structures at the active centers for the two synthetases (4) .
On the interpretation just presented, the arom aggregates formed by pleiotropic mutants of the A-C types represent forms intermediate between the quarter-and half-molecular weight components. Complementation evidence indicates that A-C mutants have activities for both synthetases and for shikimate kinase. Gradients provide evidence for the physical association of shikimate kinase and EPSP synthetase, but as yet no DHQ synthetase has been detected in gradients of A-C mutants. The mutants map at various sites within the arom-9 (DHQase) gene and, although no positive evidence is yet available, they may well represent nonsense (chainterminating) mutations. On this view the difference in molecular weights between aggregates formed by B mutants and by an A-C mutant such as number 40 (about 20,000) is interpreted as the approximate molecular weight of the polypeptide carrying the active site for shikimate kinase. Furthermore, since gradients of A-C and of certain arom-1 mutants are characterized by multiple minor activity peaks differing in their molecular weights by 15,000-20,000, we suggest that the addition of one or more shikimate kinase subunits may be responsible for this heterogeneity.
Previous comparative studies have indicated that the enzyme activities associated in the arom aggregate of Neurospora and other fungi (7) are, in general, not aggregated in various procaryotes (8) nor in most photosynthetic eucaryotes (9) . One striking exception in the latter category is Euglena gracilis, which has all five arom activities associated as a labile aggregate of molecular weight 120,000 (9) . Various data suggest that two types of sub-aggregates, with similar molecular weight and capable of rather easily dissociating from each other, can exist in Euglena extracts-one component having the two synthetase activities and the other the three remaining arom aggregate enzymes. This postulated organization of the Euglena arom aggregate is basically the same as that proposed for the half-molecular weight subaggregates of the arom aggregate in Neurospora-a situation which can lead to intriguing phylogenetic speculations. However, additional genetic and biochemical studies are clearly required to establish the validity of these interpretations concerning the organization of various arom aggregates.
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